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ABSTRACT 
 
Motorcyclists are the most crash-prone road-user group in many Asian countries including 
Singapore; however, factors influencing motorcycle crashes are still not well understood. 
This study examines the effects of various roadway characteristics, traffic control measures 
and environmental factors on motorcycle crashes at different location types including 
expressways and intersections. Using techniques of categorical data analysis, this study has 
developed a set of log-linear models to investigate multi-vehicle motorcycle crashes in 
Singapore. Motorcycle crash risks in different circumstances have been calculated after 
controlling for the exposure estimated by the induced exposure technique. Results show that 
night-time influence increases crash risks of motorcycles particularly during merging and 
diverging manoeuvres on expressways, and turning manoeuvres at intersections. Riders 
appear to exercise more care while riding on wet road surfaces particularly during night. 
Many hazardous interactions at intersections tend to be related to the failure of drivers to 
notice a motorcycle as well as to judge correctly the speed/distance of an oncoming 
motorcycle. Road side conflicts due to stopping/waiting vehicles and interactions with 
opposing traffic on undivided roads have been found to be as detrimental factors on 
motorcycle safety along arterial, main and local roads away from intersections. Based on the 
findings of this study, several targeted countermeasures in the form of legislations, rider 
training, and safety awareness programmes have been recommended. 
 
 
Key words: Motorcycle safety; Log-linear model; Crash risks; Interactions; Night-time 
conspicuity 
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1. INTRODUCTION 
 
1.1 Motorcycle Safety Problem 
Road traffic crashes impose a huge economic burden on society. In Singapore, a scientific 
estimate has shown that the total cost of road traffic crashes was about S$610.3 million for 
the year 2003 which was about 0.34% of the annual GDP (Chin et al., 2006). Most 
importantly, motorcycle crashes alone contributed to over 40% of these economic losses. 
Elsewhere, several studies (e.g., Bach and Wyman, 1986; Bray et al., 1985) have reported 
substantially higher medical costs for motorcyclist injuries than injuries from other vehicles 
because the likelihood and severity of injuries is higher among motorcyclists. Hence a 
comprehensive understanding of crash-involvement of motorcyclists is important. Prevention 
of motorcycle crashes will result in not only improvement in overall road traffic safety but 
also significant reduction in economic losses. 
 
In Asian countries, motorcycles are one of the important transportation modes and represent a 
significant portion of the national vehicle fleet. For example, motorcycles consist of more 
than 90% of vehicle population in Vietnam, about 66% in Taiwan, and about 50% in 
Malaysia (Hsu et al., 2003). In Singapore, motorcycles represent about 16.3% of motorized 
vehicle fleet. A high percentage of motorcycles result in mixed traffic with different 
operational capabilities and this is more hazardous in nature. 
 
Crash statistics often show motorcycles as the most crash-prone road user group. In 
Singapore, motorcycles are over-represented in road traffic crashes; accounting for about 
33% of total road traffic crashes, 49% of road fatalities, and 48% of injured victims 
(Singapore Police Force, 2008). On average, more than two motorcyclists are killed in road 
traffic crashes every week, and more than fourteen motorcycle riders are injured every day. 
The fatality and injury rates of motorcyclists are respectively about 19 and 7 times higher 
than rates of other motor vehicle occupants (Haque, 2011). A detailed study of factors 
influencing motorcycle crashes in Singapore is therefore necessary.  
 
1.2 Brief Literature Review on Motorcycle Safety 
Research on the crash risk of motorcyclists has investigated a variety of issues, such as rider 
attributes (e.g., Chang and Yeh, 2007; Lin et al., 2003), motorcycle characteristics (e.g., 
Haworth et al., 2009; Langley et al., 2000), roadway, environmental and traffic factors (e.g., 
Haque et al., 2010; Kim and Boski, 2001), conspicuity of motorcycles (e.g., Yuan, 2000), 
over-exposure of motorcycles at intersections (e.g., Haque et al., 2008) and gap acceptance 
manoeuvres at junctions (e.g., Crundall, Humphrey, et al., 2008; Pai et al., 2009). One 
predominant finding of motorcycle safety is that motorcycle crashes are more likely to occur 
at intersections with other vehicles violating the right-of-way (ROW) of motorcycles (Hurt et 
al., 1981).  
 
Low conspicuity of motorcycles and the inability of other motorists to judge the speed and 
distance of motorcycles are the common causes of ROW violations in motorcycle-car 
collisions ( Pai, 2011). The ROW of motorcyclists are more likely to be violated by turning 
motorists at unsignalized T junctions (Pai and Saleh, 2008), non-built-up roads and in 
diminished light conditions (Pai et al., 2009). Higher driver workload during turning 
manoeuvres at intersections has also been reported to be a significant factor for detection 
failure of motorcycles (Hancock et al., 1990). Peek-Asa and Kraus (1996) have reported that 
approach-turn motorcycle collisions (i.e., a crash due to a vehicle accepting inappropriate gap 
in front of an oncoming motorcycle) at four-legged intersections are more likely to occur in 
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dusk lighting conditions. The smaller frontal size of motorcycles may also explain why 
motorists underestimate the motorcycle speeds (Thomson, 1980). The negative views of car 
drivers towards motorcyclists have also been reported to be an important cause for violation 
of motorcyclists’ right-of-way (Crundall, Bibby, et al., 2008). 
 
The prevalence of motorcycle crashes on different roadway, traffic and environmental factors 
has also been investigated by numerous studies. Literature suggests that a substantial number 
of motorcycle crashes occur on roads away from intersections, on dry surface of roads, in 
normal weather condition, during the day (e.g., Kostyniuk, 2004) as well as along road bends 
(e.g., Clarke et al., 2007; Oluwadiya et al., 2009). Environmental factors like slippery road 
surface due to adverse weather conditions are not significant in most motorcycle crashes 
(e.g., Hurt et al., 1981; Preusser et al., 1995). Riding on wet pavements often results in 
crashes with less injury and several researchers (e.g., Quddus et al., 2002; Shankar and 
Mannering, 1996) have argued that wet pavements acting as visual deterrents for speeding 
may encourage riders to maintain longer headways and lower riding speeds. de Lapparent 
(2006) has argued that due to their physiological limits as well as their tendency to speed at 
night, motorcyclists are less able to anticipate and react to sudden appearance of other road 
users.  
 
While these studies provide useful insights into motorcycle crashes, they do not consider 
interaction effects among the different factors. Studying the effects and interactions of 
various roadway, traffic, and environmental factors on the crash risk of motorcycles would be 
useful for an in-depth investigation on motorcycle crash causations. Moreover, it is unclear if 
findings of other countries are relevant to Singapore. While some studies on motorcycle 
crashes have been carried out (e.g., Chin and Haque, 2010; Haque et al., 2009; Haque et al., 
2008), how the factors interact in motorcycle crash causation in Singapore is not well 
established. Consequently precautionary measures to improve motorcycle safety may not be 
as targeted. 
 
1.3 Objective 
The objective of this study is to investigate the effects of various traffic, environmental, 
roadway factors on motorcycle crashes in Singapore. This is done by developing different 
specifications of log-linear models to establish interactions among various influential factors 
in different location types. The study is confined to motorcycle crashes involving at least one 
other vehicle. 
 
2. METHODOLOGY 
 
2.1 Prevalence of Motorcycle Crashes 
The approach taken in this study is to establish log-linear models of motorcycle crash risks. A 
log-linear model will provide measures of the magnitude, direction, and statistical 
significance of main effects as well as interactions among a set of categorical variables. An 
explicit advantage of log-linear models is that these do not require a specification for 
dependent and independent variables. The general log-linear model seeks to explain or fit cell 
frequencies with an additive model incorporating main effects as well as interactions between 
variables (Agresti, 1990). For example, consider a three-way frequency table with variables 
R, T, and E representing respectively roadway, traffic, and environment related factors 
affecting motorcycle crashes. Let, ijkf  be the observed frequency and ijkm  be the expected 
frequency for cell ijk , where i, j, k designates categories for roadway, traffic, and 
environment related variables respectively. The saturated log-linear model is as follows 
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ij λλλ ,, are respectively two-way interaction effects for 
roadway and traffic, roadway and environment, and traffic and environment related variables; 
and RTEijkλ is the three-way interaction effect for roadway, traffic, and environmental factors 
influencing motorcycle crashes. 
 
The saturated model in eq-1 is not preferred because of the complexity in explaining results. 
Instead, unsaturated models, i.e., those where insignificant terms are excluded, are better as 
they can provide more straight-forward interpretations. By applying hierarchical 
specifications for the unsaturated models, it is easier to study the interactive effects (Agresti, 
1990).  
 
The parsimonious model is obtained by deleting insignificant variables using the backward 
elimination technique. To measure the goodness of fit, both likelihood ratio (also known as 
deviance), 
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are used.  The  two statistics are used in this study since the same conclusion from both 
statistics assures the adequacy of sample size for the model of interest (Goodman, 1984). A 
significance level of 0.05 has been selected for checking the goodness of fit of models and 
parameter estimates. The significance of a parameter is tested by the partial association test 
which calculates the difference in 2G  values with and without that parameter in the model 
for the corresponding df.  
 
Interpretation of the parameters of a log-linear model is done by computing the odds ratios. 
Odds ratios are easier to interpret as those provide a relative likelihood of occurrence of 
events for a given category in comparison with other categories. The conditional odds ratio 
for roadway and traffic related factors, for example, at a fixed level k of environmental factor, 
E is estimated from the corresponding two-factor parameter estimate for roadway and traffic 
related variables, i.e., RT11λ  using the following equation: 
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where )(11 kθ is the conditional odds ratio between R and T at a fixed level k of E. Besides 
examining the estimated parameters, predicted frequencies by the parsimonious model have 
also been used to calculate odds ratios for fuller interpretations on associations among 
different combinations of significant variables. 
 
For the purpose of this study, the locations where motorcycle crashes occur are classified into 
three types, i.e., expressways, intersections, and non-intersections. Such separation is useful 
because the roadway and traffic characteristics are different for the different location types 
and crash causation are likely to be different (Haque et al., 2009). Expressways are high-
quality roadways with relatively higher speed so that in the event of a crash, more severe 
injuries will result. Intersections have more conflicting traffic and vehicles may make many 
different manoeuvres, so that crash causation is rather complex. On the other hand, crashes at 
non-intersections are likely to be more influenced by the road geometry, traffic devices as 
well as access traffic and on-street stopped vehicles. Given that the crash causation patterns 
are rather different, it is more appropriate to analyse the problem using separate models rather 
than to develop a general model for all location types. 
 
2.2 Exposure Estimation 
Parameter estimates from log-linear models give an indication about the prevalence of 
crashes on different combinations of explanatory variables. However, correlating crash 
frequencies without exposure information may not be appropriate in identifying and 
interpreting parameters affecting safety. Exposure refers to the extent to which a particular 
road user is exposed to the environment resulting in crashes. Common exogenous exposure 
measures in a traffic system are vehicle-kilometres travel, entry flow or product of conflicting 
flow for a particular traffic location, or a traffic site. However, those measures require 
extensive data collection and are often difficult to obtain on a system-wide basis.  
 
Alternatively, a case-control methodology (Hijar et al., 2000) may be applied to estimate and 
compare crash risks under different combination of influential variables. Hurt et al. (1981) 
have conducted a comprehensive motorcycle safety study using in-depth investigations of on-
scene motorcycle crashes and traffic police recorded crashes in Los Angeles. Using crash and 
exposure data, it examined roadway, traffic, environmental, vehicle and human factors 
influencing motorcycle crashes and identified potential countermeasures. Similar case-control 
study of motorcycle crashes have also been conducted in Thailand (Kasantikul, 2001) and in 
5 European countries (ACEM, 2009). However, case-control information is not readily 
available and such a methodological design needs an extensive data collection effort. 
 
To circumvent this problem, the quasi-induced exposure technique (e.g., Carr, 1969; 
Stamatiadis and Deacon, 1995) has been used as an indirect measurement of exposure. The 
strength of this method is that it can make use of crash dataset to estimate relative exposure 
of different road user groups. The basic assumption of the quasi-induced exposure technique 
is that at-fault drivers in multi-vehicle crashes will choose their not-at-fault victims randomly 
from all vehicles present. Hence, the innocent drivers/riders can be considered as a sample of 
the total population of drivers. The distribution of not-at-fault drivers/riders reflects the 
exposure of any specific driver/rider group under a given set of roadway, traffic, and 
environmental condition. 
 
Suppose, mNF  and allNF denote the frequencies of the not-at-fault crash involvement of 
motorcycles and the entire population, respectively, under a given set of roadway, traffic and 
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environmental condition. Hence, the relative exposure of motorcycles, mRE  is the ratio of the 
not-at-fault crash involvement of motorcycles to that in the entire population, i.e., 
 
all
m
m NF
NFRE =      (5) 
 
 
For the validity of randomness assumption, the quasi-induced exposure technique requires 
that there is no bias in assigning the fault in a crash. A bias can be originated from the 
assignment of fault to a driver/vehicle unit if there is any contributing human factor (e.g., 
alcohol impairment) to the crash occurrence. Hence, several researchers e.g., Stamatiadis and 
Deacon (1997), Chin and Haque (2010) have advocated using ‘clean’ crash records to 
minimize the bias on the fault assignment. The preparation of ‘clean’ crash dataset for 
measuring exposure will be briefly described in the next section.  
 
Another inherent bias on the randomness assumption may be resulted from the aggregated 
crash dataset. Depending on the crash occurrence process or crash situation, a motorcyclist 
may be not-at-fault in certain situations because a situation may leave them to be involved in 
crashes than do other situations. For example, not-at-fault motorcycle crashes may occur 
more often at intersections than at other location types, because motorcycles are less likely to 
be seen by turning drivers at intersections. Since analyses of this study have been conducted 
after separating crashes by location types, e.g., intersections, expressways and non-
intersections, the issue of non-randomness across the location types may be minimal. 
Moreover, exposures have been estimated after disaggregating crashes by roadway, traffic or 
environmental factors. Stamatiadis and Deacon (1997) have demonstrated that the correlation 
between at-fault and not-at-fault victims is insignificant for disaggregated data. Applying a 
similar disaggregate analysis on red light running crashes of Singapore, Huang and Chin 
(2007) have also confirmed the validity of randomness of not-at-fault victims. Therefore, 
induced exposure estimates resulting from disaggregated analyses may be sufficient for 
exposure estimations of this study. 
 
2.3 Relative Risk Index 
Finally, using estimates from both log-linear models and the quasi-induced exposure 
technique, Relative Risk Index (RRI) measures have been computed to estimate the crash risk 
of motorcyclists. Mathematically, RRI is the ratio of odds ratios of expected crash frequencies 
from a log-linear model and exposure estimates from the quasi-induced exposure technique 
under a set of certain characteristics. 
 
ijk
ijkRRI
θ
θ
′
=       (6) 
 
where ijkθ  is the odds ratio of expected frequencies from log-linear models under a given set 
of roadway, traffic, and environmental factors; and ijkθ ′  is the odds ratio of exposure 
estimates in the same combination of roadway, traffic, and environmental factors. Hence RRI 
would give an indication of crash risks of motorcyclists after controlling exposure.  
 
3. DATASET FOR ANALYSIS 
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Singapore is a heavily urbanized city-state island country in Southeast Asia and located at the 
southern tip of the Malayan Peninsula between Malaysia and Indonesia. With an area of 
about 700 sq. km, it has a total 3,325 km paved road network comprising 161 km 
expressways, 621 km arterial roads, 500 km collector roads, and 2,043 km local access roads. 
According to the land transport statistics of Singapore, the total number of motorcycles in 
2008 was 146,120, of which motorcycles with engine size below 200cc represented about 
77% of total motorcycles. In 2008, motorcycles accounted for an average daily ridership of 
0.35 million which is about 3.6% of motorized journeys everyday (LTA, 2009). Note that the 
driving convention in Singapore follows the British convention where driving is on the left 
side of the road. 
 
The Singapore Traffic Police department is responsible for maintaining and disseminating 
statistics on road traffic crashes in Singapore. The details of road traffic crash characteristics 
like crash history, injury statistics, facts on factors related to specific type of crashes, and 
casualty records by various vehicle types and driver/rider demographics are annually 
published by the Singapore Traffic Police department (e.g., Singapore Police Force, 2008). 
 
3.1 Dataset for Log-linear Models 
To investigate the motorcycle crashes in Singapore, crash data of five years from 2004 to 
2008 have been used. During this period, there were a total of 37,968 reported crashes of 
which 21,922 cases were involved motorcycles. Motorcycle crashes involving at least one 
other vehicle amounted to a total of 13,568 crashes, of which 2,440 crashes occurred on 
expressways, 4,749 at intersections, and the other 6,379 away from intersections.  
 
The crash data contain a total 23 variables including crash date, crash type, road names, 
direction of travel, number of affected vehicles, various geometric features, a number of 
traffic factors, and several environmental conditions. A number of irrelevant variables like 
road names, date, and direction of travel are excluded from the analysis. Some of the 
variables like school zone traffic and type of warning signs were initially included in the 
analysis. Due to having very few motorcycle crashes related to these variables, these result in 
sparse cell counts when cross-classified with other factors and are hence excluded from 
further analyses. Table 1 shows univariate distributions or one-dimensional frequencies of 
variables related to traffic, environmental, and roadway factors considered for motorcycle 
crashes at different location types. 
 
The contingency table for expressways motorcycle crashes is formed by cross-classifying 
variables like time of crash, lane position, road surface, and speed limit. Time of crash is split 
into 2 categories: day and night time crashes. Night-time crashes refer to those occurring 
during the period 1900 to 0700, and account for about 34% of expressway motorcycle 
crashes. Lane position is divided into four categories: curb lane, median lane, centre lanes 
(i.e., lanes between curb and median lanes) and others (e.g., at shoulders). The distribution of 
crashes in the 4 lane position categories is respectively about 28%, 28%, 35% and 9%. Road 
surface conditions are classified as dry and wet surface, with the latter accounting for about 
19% of the observed crashes on expressways. There are only two categories of expressways 
by the Speed limit: 90 km/h and 80 km/h. The distribution of motorcycle crashes on these two 
types of expressways is 28% and 72% respectively. 
 
Compared to the expressway category, the dataset related to motorcycle crashes at 
intersections includes two other variables: intersection control, and intersection type. 
9 
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Intersection control is classified as either unsignalized or signalized and 61% of motorcycle 
crashes at intersections occur at signalized intersections. Intersection type based on 
intersection configuration is classified as either four-legged or three-legged/others, with the 
former accounting for about 51% of the motorcycle crashes. Lane position in the case of 
intersections is divided into five categories: single lane, curb lane, median lane, centre lanes 
and others/unknown lanes. Speed limit is categorized into two types: above 50 km/h and 50 
km/h or less with the former accounting for 14% motorcycle crashes. 
 
Non-intersections refer to roadways along arterial, main or local roads away from the 
intersections. The contingency table for this set is constructed by cross-classifying variables 
like time of the crash, lane position, road surface condition, speed limit, and traffic 
configuration. The analysis of non-intersection motorcycle crashes includes an additional 
variable traffic configuration that has four categories: one-way, two-way undivided, slip road, 
and two-way divided traffic type. The distribution of crashes on the 4 traffic type categories 
is respectively 12%, 24%, 13% and 51%. 
 
3.2 Dataset for the Quasi-induced Exposure Technique 
To estimate the exposure of motorcycles using the quasi-induced exposure technique, records 
of two-vehicle collisions are extracted from the same five years of the crash dataset. Since 
induced exposure estimation relies on the fault of crash involvement, biased cases of fault 
assignment need to be removed. For example, a citation for driving under the influence of 
alcohol or using mobile phone whilst driving is always considered as an at-fault party and 
should be excluded from the analysis as they may not truly reflect the hazardous driving 
conditions. In producing a ‘clean’ crash dataset for exposure estimation, crashes with the 
following characteristics are removed: crash-involved drivers received any citation (e.g., 
intoxicated due to alcohol or drug, phone using etc.), hit-and-run crashes, missing 
information on fault assignment and vehicle type. The data filtering process results in ‘clean’ 
two-vehicle crashes amounting to about 97% of total such crashes or 16,652 not-at-fault 
cases. To check whether there is any systematic bias resulting from preparation of clean 
dataset, a t-test has been conducted for datasets of each location type. The t-test compares the 
means of all variables including time of crash, lane position, road surface, speed limit, 
intersection control, intersection type and traffic configuration in the reduced sample and the 
entire sample. At a 5% level of significance, none of the variables has been found to have 
different means in these samples and therefore statistically rejects the possibility of any 
systematic bias. Of 16,652 not-at-fault cases, 2,558 were involved in crashes on expressways, 
6,247 were involved in crashes at intersections, and 7,847 were involved in crashes away 
from intersections. 
 
4. RESULTS AND DISCUSSIONS 
 
Results of the three log-linear models are discussed in the following sub-sections. 
 
4.1 Motorcycle Crashes on Expressways 
Table 2 shows the estimated model fitness statistics of different ordered log-linear models for 
motorcycle crashes along expressways. These estimations help to find an appropriate order or 
level of interactions among the variables influencing motorcycle crashes. The 2G and 2χ
values are respectively 13.11 and 12.95 and these suggest that 1st ordered log-linear models 
with two-way interactions among variables fit the data (p-value > 0.05). In contrast, model 
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with only one-way terms gives a poor fit ( 2G = 39.20, p-value = 0.035) indicating that 
interactive effects should be taken into account.  
 
The parsimonious model containing all four main effects with two two-way interactions gives 
2G  and 
2χ values of 20.81 and 20.30 respectively with 21 df, giving corresponding p-values 
of 0.4704 and 0.5026 and indicating a good fit. Of all the two-way interactions, only two 
were found to be significant. Table 3 presents the parameter estimates from the best fit log-
linear model for motorcycle crashes on expressways. 
 
The 'baseline' case for this model assumes a motorcycle crash that happens on centre lanes of 
expressways with a speed limit of 80 km/h during day time and on a dry road surface. Two 
two-way interaction effects include time of crash × lane position and time of crash × road 
surface condition and these are described below. 
 
One of the significant two-way interactions is the interaction between time of crash and lane 
position (χ2 = 12.03, p = 0.0073). Compared to the baseline model, the relative risk of 
motorcycle involved in a crash on the curb lane is about 35% higher during night-time. The 
curb lane is more affected by merging and diverging and carries more mixed traffic and these 
conditions appear to be more hazardous to motorcyclists during night. There are several 
reasons for this. Motorcycles being smaller in size are less visible at night. Furthermore, in 
merging and diverging situations, they are less likely to be detected because of the effect of 
reduced peripheral vision on drivers, especially in high speed manoeuvres at night. This is 
further aggravated in mixed traffic conditions when drivers have a higher workload while 
coping with the many manoeuvres of varied nearby vehicles during night-time driving. In 
fact, Haque et al. (2009) have reported that night time influence increases the probability of 
motorcyclists to be involved in crashes as a not-at-fault party. 
 
The two-way interaction between time of crash and road surface condition has been found to 
be significant (χ2 = 4.36, p = 0.0369) in characterizing motorcycle crashes on expressways. 
Estimates show that the relative risk of motorcycle crashes on wet surfaces is about 2% lower 
during night-time. In general, wet pavements act as visual deterrents and motorcyclists 
exercise a greater riding care by lowering the riding speed and maintaining a longer headway 
during riding on wet pavements (e.g., Shankar and Mannering, 1996). This study is 
particularly indicating that motorcyclists may perceive that the risks of night-time riding on 
wet surfaces are too high for them and therefore they may be even more careful while riding 
on wet pavements during night-time. 
 
4.2 Crashes at Intersections 
Six factors related to traffic, environmental, and roadway characteristics were studied in the 
model for intersections. As shown in table 4, the best fit model containing all six main effects 
with nine two-way interactions, yielding a 2G  value of 134.99 with 129 df (p-value = 
0.3413) and suggesting a good fit with no simpler model possible. Two-way interaction 
effects include time of crash × intersection control, time of crash × lane position, time of 
crash × road surface condition, intersection control × intersection type, intersection control 
× lane position, intersection control × speed limit, intersection type × lane position, 
intersection type × speed limit and lane position × speed limit. 
 
11 
Haque et al. 
The baseline case assumes a motorcycle crash to happen during day time when the 
motorcycle is moving on a dry road surface on the centre lanes of approaches towards four-
legged signalized intersections, with a speed limit of 50 km/h or less.  
 
The two-way interaction between time of crash and intersection control has been found to be 
significant (χ2 = 93.08, p < 0.0001). The odds of expected frequencies of motorcycle crashes 
during night time are about 48% lower at unsignalized intersections. However, normalization 
by the exposure estimates yields the relative risk index equals to one. It indicates that 
prevalence of motorcycle crashes during night-time is same for both unsignalized and 
signalized intersections. 
 
The interaction between time of crash and lane position is found to be significant (χ2 = 25.50, 
p < 0.0001). Night-time influence and median lane shows a positive association for 
motorcycle crashes at intersections with corresponding crash risk about 1.11 times higher. 
The median lane (i.e., outer lane) at intersections is generally assigned to facilitate right turns 
which is usually operated either by permitted green in case of signalized intersections or by 
gap acceptance in case of unsignalized junctions. Haque and Chin (2010) have argued that 
the proneness of motorcycles in right-angle crashes is higher on the median lane of signalized 
intersections mainly because of the greater difficulty of drivers to detect motorcycles as well 
as to judge their speeds. Since motorcycles approaching the junction are less likely to be 
spotted (Crundall, Humphrey, et al., 2008) or they are estimated to arrive later than actual 
(Caird and Hancock, 1994), the crash risk of motorcyclists is likely to be higher on a median 
lane. However, results of this study further show that the crash risk of motorcyclists on the 
median lane is exacerbated during night-time and probably this is due to reduced visibility at 
night. 
 
There is a significant interaction between time of crash and road surface (χ2 = 9.00, p = 
0.0027). The results suggest that night-time influence and wet surface are negatively 
associated for motorcycle crashes at intersections with the corresponding risks about 30% 
lower. Wet road surfaces generally decrease the skid resistance and increase the braking 
distance. Riding difficulties and discomfort under rain as well as higher perceived risk, 
coupled with reduced visibility during night-time may encourage motorcyclists to be more 
careful during riding under this condition. A similar result has also been observed for 
motorcycle crashes along expressways as discussed in the previous section. 
 
The interaction between intersection control and intersection type indicates that the relative 
risk of motorcycle crashes at three-legged intersections are about 11.9 times higher if they are 
unsignalized rather than signalized. It appears that the crash risk due to right-of-way (ROW) 
violation may be exacerbated at three-legged junctions if they are uncontrolled. Elsewhere, 
researchers (e.g., Clarke et al., 2007; Hole et al., 1996) have also reported that there are more 
motorcycle crashes related to ROW violations at uncontrolled three-legged junctions.  
 
The interaction between intersection control and lane position is highly significant (χ2 = 
438.45, p < 0.0001). The relative crash risk of motorcycles on single lane roads is about 37.5 
times higher at unsignalized intersections. Unsignalized intersections with single-lane 
approach are usually located at sub-urban or residential areas where traffic is expected to be 
low. The odds of motorcycle crashes on curb and median lanes are respectively about 2.6 and 
2.3 times higher at unsignalized junctions than signalized ones. Turning at unsignalized 
junctions is likely to impose a higher driving workload to drivers which may in turn increase 
the detection failures of motorcycles (Hancock et al., 1990) and hence increase the crash 
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risks. This is especially so in urban Singapore where drivers are more used to responding to 
signal controls than judging conflicting movements at intersections.  
 
From the parameter estimate of interaction between intersection control and speed limit, the 
relative risk of motorcycle crashes is found to be lower at unsignalized junctions with 
approaches having high speed limits. On the other hand, the crash risk of motorcycles at 
signalized junctions is about 2.1 times higher along roads with a high speed limit (>50 km/h). 
Red-light violations are more likely to occur on roads with higher speed limit because drivers 
tend to underestimate their speeds at higher speeds (Bonneson and Zimmerman, 2004). Since 
motorcycles are over-exposed to red-light runners at signalized intersections (Haque et al., 
2008), high-speed roads potentially will have higher red-light violations, thereby increasing 
motorcycle crashes. On the other hand, motorcyclists travelling faster in certain situations 
(e.g., on roadways with higher posted speed limits) may have an influence on crashes like 
approach-turn collisions or ROW violation type crashes (e.g., Brenac et al., 2006; Peek-Asa 
and Kraus, 1996). Since most of the signalized junctions in Singapore are operated with left-
turn merging and unprotected right-turn movement, the higher speeds of motorcycles may 
contribute to these types of crashes.  
 
The interaction between intersection type and lane position shows a significant association 
(χ2 = 22.86, p < 0.0001) in characterizing motorcycle crashes at intersections. The relative 
risk of motorcycle crashes on the curb lane is about 23% higher at three-legged configuration. 
Haque et al. (2010) have also reported similar pattern of motorcycle crashes on the curb lane 
of three-legged intersections. This is particularly true when other drivers turning left on the 
curb lane encounter oncoming motorcycles. Pai (2011) has argued that reduced conspicuity 
of motorcycles and poor speed-spacing judgment by a motorist often lead them to encroach 
into the path of an oncoming motorcycle with ROW.  
 
There is significant interaction (χ2 = 6.37, p = 0.0116) between intersection type and speed 
limit and the relative risk of motorcycle crashes at three-legged configurations are about 31% 
higher for approaches with high speed limit. There are two probable reasons for this. First; as 
shown in previous studies (Ng et al., 1994), in Singapore, there is more red-light running at 
three-legged intersections. Bonneson and Zimmerman (2004) have also reported that roads 
with higher speed limits are more likely to have more incidents of red-light violations. Since 
motorcycles are more exposed to red runners (Haque et al., 2008), it follows that they will be 
more at risk at three-legged intersections with high speed roadways where there are more red 
running. Second; roads with higher speed limits allows vehicles to travel at higher speeds 
resulting in higher speed differentials between vehicles particularly between motorcycles and 
other vehicles and this is collaborated with research elsewhere (e.g., Brenac et al., 2006; 
Peek-Asa and Kraus, 1996). 
 
Interactions between lane position and speed limit show that single-lane approaches with 
higher speed limits are negatively associated (χ2 = 67.45, p < 0.0001) for motorcycle crashes 
at intersections. High speed major roads with single lane minor approaches have a defined 
hierarchy where the queue formation is neater. This may result in a lower likelihood of 
motorcycle crashes. 
  
4.3 Crashes away from Intersections 
The best-fitted log-linear model for non-intersections yields a 2G value of 132.89 with 125 
df. The corresponding p-value of 0.2978 suggests a good fit of the data. This simpler model 
contains all five main effects and five two-way interaction effects (see table 5). Two-way 
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interaction effects include time of crash × lane position, time of crash × road surface, traffic 
configuration × lane position, traffic configuration × speed limit and lane position × speed 
limit. 
 
The baseline case assumes a motorcycle crash that happens during day time on dry surfaces 
on the centre lane of a divided roadway with speed limit of 50 km/h or less. 
 
The interaction between time of crash and lane position has been found to be significant (χ2 = 
19.62, p = 0.0006). Compared to the base case, the relative risk of motorcycle crashes on the 
curb lane is about 7% higher during night-time. Traffic on the curb lane is subject to traffic 
interruptions from access roads and other side frictions like on-street stopping or waiting of 
vehicles and taxis for drop-off and pick-up passengers. Reduced visibility of motorcyclists 
during night along with the roadside friction will increase hazards to motorcyclists on the 
curb lane of a roadway. Results also indicate that there is a positive association between 
night-time influence and riding on the median lane of roadways. The corresponding relative 
risk is about 9% higher. On the median lane, speed is relatively higher and with greater speed 
differentials between vehicles. The decrease in motorcycle conspicuity at night will cause 
motorcyclists to be more prone to crashes. 
 
In comparing between time of crash and road surface condition, it was found that the relative 
risk of motorcycle crashes on wet road surfaces is about 21% lower during night. The impact 
of wet surfaces on riding behaviour of motorcyclists is similar to expressways and 
intersections in that most motorcyclists become careful while riding on wet pavements during 
night. 
 
An interaction between traffic configuration and lane position has been found to be 
significant (χ2 = 1349.39, p < 0.0001) in characterizing motorcycle crashes away from 
intersections. Parameter estimates show that relative risks of motorcycle crashes on curb and 
median lane are respectively about 37% and 23% lower for one-way traffic type. Roads with 
one-way traffic generally have less conflict points than two-way divided traffic type. This is 
particularly true on multi-lane roads which are generally major roads so that they have the 
ROW over side roads. On the other hand, the relative risk of motorcycle crashes on single 
lane roads is about 4.8 times higher along roads with one-way traffic type. A further 
disaggregation of risk estimates by traffic types yields that relative risks on single lane roads 
are lower for both one-way (0.79) and two-way divided (0.16) traffic type, but it is less 
effective for the one-way traffic type. In general, the configuration of single lane roads for 
both one-way traffic and two-way divided traffic is almost the same except the median for the 
later type. Single lane roads with one-way traffic are less effective to motorcycle safety 
perhaps due to more side frictions than the two-way divided traffic.  
 
Parameter estimates show that the relative risk of motorcycle crashes on two-lane undivided 
roads is about 59.9 times higher than two-way divided traffic configuration. The crash 
potential is much higher for two-lane undivided roads since two-way undivided roadways 
with single lane each direction will encourage more traffic to use opposite traffic lane for 
overtaking. In contrast, two-way divided traffic type is safer for motorcyclists as separation 
of traffic by a median is likely to restrict possible interactions with opposing traffic. Relative 
risks on curb and median lane of multilane roads are respectively about 2.0 and 3.1 times 
higher for two-way undivided traffic than divided. It appears that roadside traffic disruptions 
due to on-street stoppages or waiting and interactions from opposing traffic on undivided 
roads have a significant effect on motorcycle safety. 
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Motorcycle crashes on slip roads (i.e., interchange slip roads, access roads) have been found 
to have significant association when they occur on single-lane slip roads and on the curb lane 
of multilane slip roads. The relative risk of motorcycle crashes along slip roads is about 23.1 
times higher on single-lane slip roads. Single-lane slip roads are wider and provide greater 
opportunity for motorcyclists to ride past or weave between vehicles resulting in increased 
risk. Crash risk of motorcyclists on the curb lane of multilane slip roads is about 1.8 times 
higher than two-way divided roadways. Slip roads are for merging or diverging manoeuvres 
and accompanied by horizontal curvatures which can result in motorcyclists not been seen by 
other turning vehicles.  
 
The interaction between traffic configuration and speed limit indicates that crash risks on 
roads with high-speed limit (>50 km/h) for one-way, two-way undivided, and slip roads are 
respectively 58%, 54%, and 25% lower compared to the base case of two-way divided traffic 
type. Roads with those traffic configurations tend to have less speed violations compared to 
roads with two-way divided traffic. This is because roads with two-way divided traffic have 
less conflict and allow comfortable driving environment. This may result in more speed 
violations and hence have a greater crash risk of motorcycles on roads with divided traffic 
type. 
 
The interaction between lane position and speed limit has been found to be significant in 
characterizing motorcycle crashes along roads away from intersections (χ2 = 163.26, p < 
0.0001). Estimates show that relative risks of motorcycle crashes on single lane roads, curb 
and median lanes along multilane roads are respectively about 88%, 35%, and 45% lower for 
roads with a speed limit greater than 50 km/h. Generally, high speed roads have a higher risk 
potential (e.g., Aarts and van Schagen, 2006). However, traffic disruptions are more common 
on low speed limit roads in Singapore due to having more on-street stoppages, waiting or U-
turning manoeuvres alongside the roads. These disruptions often resulting in greater speed 
dispersions and unsafe manoeuvres like abrupt lane changing, sudden braking may result in a 
higher likelihood of motorcycle crashes on curb and median lanes along roads with a lower 
speed limit. 
 
It appears from the above two effects that low speed roads tend to have higher crash risks 
than high speed roads in Singapore. This may be a result of highly urbanized conditions of 
Singapore roads that there are considerable traffic interruptions at lower speed roads along 
with potential road side frictions. On the other hand, higher speed roads are better designed to 
facilitate safe manoeuvres.  
 
5. IMPLICATIONS 
 
The study has identified a number of key issues affecting motorcycle safety. These include 
night-time conspicuity of motorcycles, riding on wet surfaces, specific hazardous interactions 
and influence of speed differentials. Findings will be useful to develop targeted 
countermeasures including legislations, rider training programmes, safety campaigns and 
awareness programmes. These are discussed below. 
 
5.1 Night-time Conspicuity 
The likelihood of motorcycle crashes is consistently higher during night-time on all three 
location types and particularly in some critical situations and at certain location types. While 
night-time motorcycle crashes are more likely to occur in merging and diverging movements 
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on expressways, the likelihood at intersections is particularly higher for right-turn movements 
at intersections. Evidence has further shown that roadside frictions along arterial, main or 
local roads may also influence motorcycle crashes during night-time. It appears that frontal 
and side conspicuity of motorcyclists are important in turning/merging conflicts among 
vehicles and motorcycles during night. 
 
Recognizing that the poor conspicuity of motorcycles is hazardous, several researchers, e.g., 
Yuan (2000), Williams and Hoffmann (1979), Olson et al. (1979) have suggested increasing 
the visibility of motorcycles and/or riders through the use of retro-reflective materials on 
motorcycles, helmets, or jackets of riders. To combat motorcycle safety problems during 
night by improving front and/or side conspicuity of motorcyclists, it is also important to 
consider where to place these retro-reflective materials on the riders and motorcycles. The 
use of larger dipped headlight or a pair of running lights as suggested by Fulton et al. (1980) 
for day-time conspicuity problems may also be helpful to enhance conspicuity of motorcycles 
particularly in merging/turning manoeuvres on expressways and intersections during night-
time. Several previous studies (e.g., Olson et al., 1979, 1981; Stroud et al., 1980) have 
focused on investigating the effectiveness of various conspicuity treatments on the night-time 
visibility of motorcycles. There are however conflicting views on their effectiveness. For 
example, (Pai, 2011) argued that conspicuity aids on motorcycles showed marginal 
improvements on motorcycle visibility at night and Stroud et al. (1980) reported only a 
marginal benefit for fluorescent garments during night but Olson et al. (1981) indicated a 
significant benefit for using retro-reflective vests and helmets. Further research on the night-
time conspicuity treatments will need to be conducted to understand the impact of these 
treatments on motorcycle safety in Singapore.  
 
5.2 Wet Surfaces 
Results of this study tend to imply that on all three location types, the likelihood of 
motorcycle crashes on wet surfaces is lower during night time. This may be because riders 
are more careful while riding on wet road surfaces during night-time possibly for few 
reasons: 1) they may be more conscious of the risk of riding on wet surfaces under poor 
lighting conditions, 2) they face greater riding discomfort and 3) they may experience more 
difficulties in their vision because of light reflections coupled with misty conditions. 
Consequently, they may become more alert to potential dangers on the road and ride with 
greater care, for example with reduced speed and less weaving through traffic. This means 
that motorcyclists may compensate poorer visibility and riding difficulties by better and safer 
riding behaviour. Exposure estimates indicate that motorcyclists tend to avoid expressways 
during night time on rainy days and instead use alternative arterial and main roads further 
demonstrating that motorcyclists do become more cautious. These tend to support the point 
that motorcyclists are capable of exhibiting safe riding behaviour when they are aware of 
hazardous situations. This consideration could be exploited in rider training programs to 
emphasize appropriate rider behaviour modifications to improve safety.  
 
5.3 Specific Hazardous Interactions 
Judging from the findings related to specific hazardous interactions affecting motorcycle 
crash risks for the different location types, it seems many of the issues are related to the 
failure of drivers to notice a motorcycle as well as to judge correctly the speed/distance of an 
oncoming motorcycle. Problems at unsignalized intersections are more related to 
merging/turning interactions on the curb and median lanes and these seem to be linked to 
issues of gap acceptance, detection failure, and misjudgement of actions of oncoming 
motorcycles. While signalized intersections also have similar problems for left-turn merging 
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or right-turn movements (Haque and Chin, 2010), this study shows that the problem is more 
acute at unsignalized intersections than signalized ones where there are less occasions of 
unprotected merging. In particular, the likelihood of motorcycle crashes is higher at three-
legged unsignalized intersections where difficulties associated with gap acceptance and 
motorcycle conspicuity are more acute. On roads away from intersections, the situation is 
rather different. Weaving manoeuvres on single-lane slip roads, speed variations and changes 
on the curb lane of multilane slip roads, road side conflicts due to stopping/waiting vehicles 
and interactions with opposing traffic on undivided roads have been found to be as 
detrimental factors on motorcycle safety. Such specific hazards are seldom made known to 
drivers who may take the presence of motorcycles for granted. Drivers need to be taught to be 
more alert to the possibility of unnoticed motorcycles around them when making such 
manoeuvres, while motorcyclists need to be more defensive in their riding under such 
situations. Moreover, such hazardous situations could be practised on driving and riding 
simulators in driving schools.  
 
One particular hazardous situation worth noting is the interaction of vehicles and motorcycles 
on high-speed approaches at signalized intersections, which has more occasions for red 
running coupled with the motorcyclists experiencing a higher exposure to red runners (Haque 
et al., 2008). This study has shown that the problem is more acute at three-legged 
configurations where motorcycles turning from the stem of the T-junction may not be readily 
noticed. The installation of red-light cameras could be an effective intervention at such 
locations (Chin and Haque, 2010). 
 
5.4 Speed Differentials 
The study has found that speed limits have varied effects on motorcycle safety. Rather, it 
appears that speed differentials between vehicles and motorcycles tend to have a greater 
influence on crash risks. Indeed, several researchers (e.g., Garber and Gadiraju, 1989) have 
reported that larger speed variances at a particular road section are related to high number of 
crashes. Speed differentials along arterial, main and local roads tend to depend on traffic 
configuration and lane position. Higher speed differentials seem to occur on high-speed roads 
with divided traffic configuration as well as curb and median lane of low speed roads - both 
of which have been found to result in a high motorcycle crash risk. The crash risk of 
motorcyclists is lower when high-speed approaches are connected with a single-lane minor 
approach but higher at signalized intersections with high-speed approaches, demonstrating 
that risks are higher where there is considerable differential in speeds. It may be useful to 
review the rider training programs to ensure such potential hazards related to speed 
differentials can be emphasized to riders and that specific hazardous situations clearly 
identified.  
 
6. CONCLUSION 
 
This study has highlighted the importance of considering interaction effects to better 
understand safety. The log-linear models appear to be suitable for such studies as 
demonstrated in the case of motorcycle crashes in Singapore. The quasi-induced exposure 
technique has also been used to estimate exposure of motorcycles in order to assess 
motorcycle crash risks under different set of roadway, environmental and traffic conditions. 
The study suggests that the combination of log-linear models and the quasi-induced exposure 
technique is a promising methodology and can be applied to better estimate crash risks of 
other road users. 
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This study has also highlighted that there is still much to be learned about motorcycle safety. 
It has been found that reduced conspicuity of motorcycles at night is particularly hazardous 
for several situations like merging and diverging on expressways, and during turning 
manoeuvres at intersections. The new insights regarding night-time conspicuity would be 
useful to prompt authorities to develop more targeted countermeasures and introduce proper 
legislative measures on the use of reflective attire and conspicuity aids to improve night-time 
motorcycle riding. This study has also indicated that motorcyclists can exhibit safe riding 
behaviours when they correctly perceive unsafe situations like night-time riding on wet road 
surfaces. It may be useful for rider training programs to go beyond acquiring riding skills 
under general road conditions to developing proper defensive riding skills for specific high-
risk encounters such as merging on expressways, instances of potential ROW violations, 
queuing and gap acceptance at intersections, riding along slip roads, and conflicts on two-
way undivided roads. There is also a need to educate drivers on being more alert to 
motorcycles, particularly in situations where the risk is higher.  
 
Overall the findings of this study shed considerable light on the interactions of roadways, 
traffic and environmental factors affecting multi-vehicle motorcycle crashes. Two important 
extensions of this research can be proposed. First, human factors like driver/rider 
demographics, behavioural/psychological factors, and physical conditions can be included 
and their possible interactions with roadways, traffic and environmental factors can be 
investigated. Second, while this study only considers motorcycle crashes involving other 
motor vehicles, single vehicle motorcycle crashes can be analyzed to investigate the 
interactions among roadways, traffic, environment, and human factors affecting such crashes.  
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Table 1: Univariate distribution of roadway, traffic and environmental factors at 
different location types 
 
Variable Levels 
Expressways 
(N = 2,440) 
Intersections 
(N = 4,749) 
Non-intersections 
(N = 6,379) 
Freq % Freq % Freq % 
Time 
 Night 819 33.57 2142 45.1 2277 35.7 
 Day* 1621 66.43 2607 54.9 4102 64.3 
Lane Position1 
 Single Lane - - 484 10.19 1141 17.89 
 Curb Lane 693 28.4 899 18.93 1832 28.72 
 Median Lane 691 28.32 1596 33.61 1717 26.92 
 Others/Unknown 212 8.69 747 15.73 571 8.95 
 Centre Lanes* 844 34.59 1023 21.54 1118 17.53 
Road Surface 
 Wet 474 19.43 388 8.17 575 9.01 
 Dry* 1966 80.57 4361 91.83 5804 90.99 
Speed Limit 
 >50 Km/h - - 651 13.71 1033 16.19 
 50 Km/h or Less* - - 4098 86.29 5346 83.81 
Speed Limit on Expressways 
 90 Km/h 1769 72.5 - - - - 
 80 Km/h* 671 27.5 - - - - 
Intersection Control 
 Unsignalized - - 1873 39.44 - - 
 Signalized* - - 2876 60.56 - - 
Intersection Type 
 Four-legged* - - 2401 50.56 - - 
 Three-legged/Others - - 2348 49.44 - - 
Traffic Configuration 
 One-way - - - - 796 12.48 
 Two-way undivided - - - - 1516 23.77 
 Slip road - - - - 835 13.09 
 Two-way divided* - - - - 3232 50.67 
*reference or base category 
1 by driving convention, a median lane refers to the outer lane and a curb lane refers to the inner lane 
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Table 2: Significance of K-order effects among expressway related variables 
 
K-order Degrees of Freedom (df) Deviance, G2 p-value Pearson Chi-sq, χ2 p-value 
3 0 0.000 - 0.000 - 
2 3 1.478 0.6873 1.477 0.6876 
1 13 13.109 0.4394 12.950 0.4517 
0 25 39.200 0.0352 38.938 0.0374 
Parsimonious 21 20.813 0.4704 20.297 0.5026 
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Table 3: Estimated parameters for expressway related factors 
 
Parameters Estimate S. E. Chi-
Square 
p-
value 
Odds Estimates Relative  
Risk Index Frequency Exposure 
Intercept 4.855 0.054 8013.98 <.0001    
Night time -0.788 0.078 103.24 <.0001 0.45 1.10 0.41 
Lane position        
Curb lane -0.315 0.064 24.65 <.0001 0.73 0.94 0.77 
Median lane -0.224 0.062 13.11 0.0003 0.80 0.75 1.06 
Others lane -1.479 0.096 238.68 <.0001 0.23 0.95 0.24 
Wet road surface -1.349 0.061 482.52 <.0001 0.26 1.07 0.24 
High speed (90 km/h) 0.969 0.045 457.16 <.0001 2.64 1.08 2.45 
Time x Lane position        
Night-time x Curb lane 0.346 0.108 10.21 0.0014 1.41 1.05 1.35 
Night-time x Median lane 0.077 0.111 0.48 0.4869 1.08 0.91 1.18 
Night-time x Others lane 0.290 0.161 3.26 0.0711 1.34 1.15 1.17 
Time x Road surface        
Night-time x Wet surface -0.230 0.111 4.27 0.0387 0.79 0.81 0.98 
Deviance, G2 20.813       
Pearson Chi-sq, χ2 20.297       
Degrees of freedoms 21       
p-value for G2 statistic 0.4704       
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Table 4: Estimated parameters for intersection related factors 
 
Parameters Estimate S. E. Chi-
Square 
p-
value 
Odds Estimates Relative 
Risk Index Frequency Exposure 
Intercept 5.450 0.054 10368.50 <.0001    
Night time -0.070 0.065 1.14 0.2866 0.93 1.13 0.83 
Unsignalized Intersection -2.582 0.115 507.72 <.0001 0.08 1.53 0.05 
Three-legged Intersection -1.185 0.080 219.48 <.0001 0.31 1.42 0.22 
Lane position        
Single lane -2.656 0.169 246.86 <.0001 0.07 1.36 0.05 
Curb lane -0.505 0.082 37.98 <.0001 0.60 1.21 0.50 
Median lane 0.035 0.071 0.25 0.6199 1.04 1.25 0.83 
Others lane -0.372 0.082 20.56 <.0001 0.69 1.08 0.64 
Wet road surface -2.284 0.068 1141.15 <.0001 0.10 0.91 0.11 
High speed (>50 km/h) -1.430 0.087 272.56 <.0001 0.24 0.90 0.27 
Time x Intersection control        
Night-time x Unsignalized -0.645 0.066 91.30 <.0001 0.52 0.52 1.00 
Time x Lane position        
Night-time x Single lane -0.089 0.125 0.50 0.4799 0.92 1.17 0.78 
Night-time x Curb lane 0.036 0.094 0.14 0.7046 1.04 1.19 0.87 
Night-time x Median lane 0.305 0.082 13.84 0.0002 1.36 1.22 1.11 
Night-time x Others lane 0.256 0.098 6.87 0.0088 1.29 1.09 1.18 
Time x Road surface        
Night-time x Wet surface -0.324 0.109 8.83 0.0030 0.72 1.03 0.70 
Intersection control x Intersection type 
Unsignalized x Three-legged 2.918 0.087 1114.75 <.0001 18.50 1.56 11.88 
Intersection control x Lane position 
Unsignalized x Single lane 3.500 0.201 303.61 <.0001 33.11 0.88 37.54 
Unsignalized x Curb lane 0.842 0.123 46.88 <.0001 2.32 0.88 2.64 
Unsignalized x Median lane 0.752 0.111 46.21 <.0001 2.12 0.94 2.25 
Unsignalized x Others lane 0.533 0.135 15.50 <.0001 1.70 0.79 2.16 
Intersection control x Speed limit        
Unsignalized x High speed -0.702 0.117 36.29 <.0001 0.50 1.05 0.47 
Intersection type x Lane position        
Three-legged x Single lane -0.017 0.159 0.01 0.9152 0.98 1.21 0.82 
Three-legged x Curb lane 0.291 0.113 6.67 0.0098 1.34 1.09 1.23 
Three-legged x Median lane 0.164 0.098 2.81 0.0939 1.18 0.93 1.27 
Three-legged x Others lane -0.250 0.120 4.29 0.0382 0.78 0.92 0.85 
Intersection type x Speed limit        
Three-legged x High speed 0.258 0.102 6.43 0.0112 1.29 0.99 1.31 
Lane position x Speed limit        
Single lane x High Speed -1.669 0.292 32.77 <.0001 0.19 1.11 0.17 
Curb lane x High Speed -0.253 0.127 3.96 0.0465 0.78 0.94 0.82 
Median lane x High Speed -0.152 0.107 2.02 0.1550 0.86 0.96 0.89 
Others lane x High Speed -0.747 0.149 25.17 <.0001 0.47 0.93 0.51 
Deviance, G2 134.9962       
Pearson Chi-sq, χ2 144.2951       
Degrees of freedoms 129       
p-value for G2 statistic 0.3413       
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Table 5: Estimated parameters for non-intersection related factors 
 
Parameters Estimate S. E. Chi-
Square 
p-value Odds Estimates Relative 
Risk Index Frequency Exposure 
Intercept 5.715 0.048 13978.90 <.0001    
Night time -0.660 0.064 106.78 <.0001 0.52 1.12 0.46 
Traffic type        
One way -0.995 0.081 151.36 <.0001 0.37 1.16 0.32 
Two way undivided -1.899 0.114 280.03 <.0001 0.15 1.20 0.13 
Slip road -1.950 0.112 302.09 <.0001 0.14 0.92 0.16 
Lane position        
Single lane -1.387 0.103 182.97 <.0001 0.25 1.10 0.23 
Curb lane 0.482 0.061 63.28 <.0001 1.62 1.03 1.58 
Median lane 0.401 0.062 42.41 <.0001 1.49 1.25 1.20 
Others lane -0.925 0.088 111.31 <.0001 0.40 1.15 0.34 
Wet road surface -2.220 0.053 1786.47 <.0001 0.11 0.90 0.12 
High speed (>50 km/h) -0.895 0.074 147.76 <.0001 0.41 0.89 0.46 
Time x Lane position        
Night-time x Single lane -0.099 0.090 1.21 0.2717 0.91 1.08 0.84 
Night-time x Curb lane 0.138 0.070 3.90 0.0482 1.15 1.08 1.07 
Night-time x Median lane 0.228 0.080 8.01 0.0047 1.26 1.15 1.09 
Night-time x Others lane 0.112 0.108 1.08 0.2996 1.12 1.02 1.09 
Time x Road surface        
Night-time x Wet surface -0.279 0.095 8.62 0.0033 0.76 0.96 0.79 
Traffic configuration x Lane position 
One way x Single lane 1.026 0.148 47.99 <.0001 2.79 0.58 4.81 
One way x Curb lane -0.550 0.109 25.37 <.0001 0.58 0.91 0.63 
One way x Median lane -0.582 0.112 26.92 <.0001 0.56 0.73 0.77 
One way x Others lane -0.379 0.167 5.16 0.0231 0.68 0.83 0.83 
Two way undivided x Single lane 3.617 0.148 596.86 <.0001 37.21 0.62 59.87 
Two way undivided x Curb lane 0.552 0.132 17.58 <.0001 1.74 0.87 2.01 
Two way undivided x Median lane 0.912 0.128 50.56 <.0001 2.49 0.80 3.10 
Two way undivided x Others lane 1.302 0.157 68.98 <.0001 3.68 0.83 4.44 
Slip road x Single lane 2.309 0.160 208.60 <.0001 10.07 0.44 23.10 
Slip road x Curb lane 0.481 0.130 13.75 0.0002 1.62 0.88 1.83 
Slip road x Median lane 0.203 0.137 2.19 0.1390 1.22 0.78 1.57 
Slip road x Others lane 1.387 0.152 82.83 <.0001 4.00 0.78 5.15 
Traffic configuration x Speed limit 
One way x High speed -0.905 0.129 49.30 <.0001 0.40 0.96 0.42 
Two way undivided x High speed -0.710 0.113 39.91 <.0001 0.49 1.07 0.46 
Slip road x High speed -0.204 0.108 3.57 0.0589 0.82 1.09 0.75 
Lane position x Speed limit        
Single lane x High speed -2.029 0.194 109.82 <.0001 0.13 1.14 0.12 
Curb lane x High speed -0.295 0.092 10.26 0.0014 0.74 1.15 0.65 
Median lane x High speed -0.530 0.097 29.98 <.0001 0.59 1.07 0.55 
Others lane x High speed -0.723 0.144 25.18 <.0001 0.49 1.04 0.46 
Deviance, G2 132.8878       
Pearson Chi-sq, χ2 125.7976       
Degrees of freedoms 125       
p-value for G2 statistic 0.2978       
 
 
